Abstract. Peptides with deamidated asparagine residues and oxidized methionine residues are often not resolved sufficiently to allow quantitation of their native and modified forms using reversed phase (RP) chromatography. The accurate quantitation of these modifications is vital in protein biotherapeutic analysis because they can affect a protein's function, activity, and stability. We demonstrate here that hydrophilic interaction liquid chromatography (HILIC) adequately and predictably separates peptides with these modifications from their native counterparts. Furthermore, coefficients describing the extent of the hydrophilicity of these modifications have been derived and were incorporated into a previously made peptide retention prediction model that is capable of predicting the retention times of peptides with and without these modifications.
Introduction

M
any of the chemical modifications that accumulate in biotherapeutic agents during bioprocessing, purification, storage, or other stages increase the hydrophilicity of the amino acid side chain on the altered residue(s). These modifications can include the oxidation of methionine and the deamidation of asparagine, among others. The separation and quantitation of peptides that have these modifications is of paramount importance in protein biotherapeutics because the modifications can contribute to a loss of stability or activity [1] [2] [3] .
Although little is known about the effects that deamidation of asparagine have on protein function, it is known that deamidation is involved in protein degradation and development [4] [5] [6] [7] . This reaction is spontaneous and non-enzymatic, where asparagine residues undergo formation of a fivemembered succinimide ring intermediate from an intramolecular attack, and subsequently hydrolyze under physiological conditions to form either aspartyl or isoaspartyl peptides, which can be found in both the D and L configurations ( Figure 1) . Deamidation occurs at a much faster rate (up to 70 times) when an unhindered amino acid residue such as glycine is on the Cterminal side of an asparagine in the primary sequence (XXXAsn-Gly-XXX), but its rate is also affected by other conditions and characteristics such as temperature, pH, and protein structure [1, 4, 5, [8] [9] [10] [11] [12] . As deamidation changes the peptide/protein structure and conformation, it can significantly affect the function and stability of proteins. For example, deamidation of an Asn-Gly site in hemoglobin alters its affinity for oxygen, while the same modification alters the proteolytic cleavage of human growth hormone (hGH) [13, 14] . Deamidation has been studied using different analytical techniques, such as isoelectric focusing, capillary electrophoresis, and a variety of LC-MS/ MS techniques, but they all have limitations that make
Correspondence to: Ron Orlando; e-mail: orlando@ccrc.uga.edu analyzing deamidation a challenge [1, 7] . The greatest challenge for mass spectrometric analysis of deamidated proteins is that there is only a 1 Dalton mass shift between the modified and native forms, which causes the deamidated species to overlap with the mass-to-charge (m/z) ratios of the 13 C isotopes of the unmodified species [15] . Without employing a separation technique that can fully distinguish the modified and unmodified versions, mass spectrometric analysis of deamidation can be highly challenging.
More is known about the oxidation of methionine compared with the deamidation of asparagine, presumably because the larger mass difference between modified and unmodified peptides makes it easier to study this post-translational modification (PTM) by mass spectrometry. The oxidation of methionine has been shown to affect the structure, stability, and biological functions of a variety of proteins, and is a major instability factor of protein pharmaceuticals, including monoclonal antibodies [16] [17] [18] . It is also associated with the development of several diseases, including Alzheimer's disease, emphysema, and respiratory distress syndrome, among others [18] [19] [20] [21] [22] [23] . Methionine (Met-S) can oxidize to form methionine sulfoxide (Met-SO) via a formal oxygen transfer, which can further oxidize to form methionine sulfone (Met-SO 2 ) as shown in Figure 2 . Met-SO can be reduced back to methionine using methionine sulfoxide reductase A (MsrA), which is found in most cells. MsrA has been shown to be important in Alzheimer's disease, as the levels of MsrA in the brain of Alzheimer's disease patients is significantly lower than in the brain of normal individuals, and this is reflected by increased levels of Met-SO in these regions [17, 21, [24] [25] [26] . Oxidation of methionine is similarly significant in Bnormal^aging, as a decline in MsrA activity leads to a 40% decrease in the maximum life span of mice, and overexpression of MsrA in Drosophila greatly extends their life span [26] [27] [28] . Just like deamidation of asparagine, oxidation of methionine affects protein structure, which in turn can lead to negative effects such as reduced protein activity or stability. Altered activity due to oxidation of methionine has been discovered in a plethora of different proteins including, but not limited to, chymotrypsin, ribonuclease B, lysozyme, and pepsin [29] [30] [31] [32] [33] .
Using conventional reversed-phase (RP) approaches, oxidized peptides can sometimes be separated from their native forms, but deamidated peptides are often not resolved from their unmodified counterparts. Hao et al. used a multidimensional RP-ERLIC-MS/ MS approach to collect a triad of deamidated products together and subsequently separated them based on their pI to allow for identification [34] . High resolution hydrophilic interaction liquid chromatography (HILIC) can also be a solution to this problem, as the change in hydrophilicity of amino acid side chains resulting from these modifications may change the selectivity of the peptides that have these modifications sufficiently to allow for chromatographic separation, which could enable their quantitation.
Here, we demonstrate the capacity of HILIC-MS to separate and quantitate modified peptides and their native counterparts for the analysis of human immunoglobulin Gs (IgGs), and other standard proteins. Previously, we have created a peptide retention prediction model using HILIC that is based on the summation of amino acid coefficients [35] . Herein, the utility of this model is expanded by derivation of coefficients for the oxidation of methionine and for the deamidation of asparagine, which are now incorporated into the previous retention model. Modified and unmodified peptides can quickly and easily be Figure 1 . The deamidation of asparagine mechanism. Asparagine forms a five-membered succinimide ring intermediate from an intramolecular attack, and then hydrolyzes to form either aspartyl and isoaspartyl peptides (created using ChemDoodle by iChemLabs) Figure 2 . The oxidation of methionine mechanism. Methionine (Met-S) oxidizes to form methionine sulfoxide (Met-SO), which can further oxidize to form methionine sulfone (Met-SO 2 ). Met-SO can be reduced back to methionine using methionine sulfoxide reductase A (MsrA) (created using ChemDoodle by iChemLabs) identified by their predicted relative retention times in conjunction with their m/z ratio. This will provide an easier and consistent assessment of the extent of modifications in biotherapeutic agents, as well as allow for the separation, characterization, and potential isolation of peptides with these modifications.
Materials and Methods
Protein Digestion
Human IgGs were separated from human serum (Sigma-Aldrich, St. Louis, MO, USA) using a HiTrap Protein G column (General Electric Company, Fairfield, CT, USA). Cytochrome c, lysozyme, transferrin, and dextran were purchased from Sigma-Aldrich. Bovine serum albumin was purchased from Waters (Milford, MA, USA). These proteins as well as yeast and mosquito cuticular proteins were reduced using 10 mM dithiothreitol (DTT) and then alkylatedusing55mMiodoacetamide(IDA),bothpurchasedfrom Sigma Aldrich. Sequencing-grade trypsin or chymotrypsin purchased from Promega (San Luis Obispo, CA, USA) was added at 50:1 (w/w, protein/trypsin) for incubation overnight in 50 mM ammonium bicarbonate (pH 7.0) at 37°C. Three synthetic peptides with the same sequence of GFYPSDIAVE WESNGQPENNYK were purchased from Bachem (Bubendorf, Switzerland). One peptide was unmodified, one had a n-Asp modification at the 14th residue, and the last one had an isoAsp modification at the 14th residue.
LC-MS/MS Settings and Instrumentation
Data were acquired using a Finnegan LTQ (Thermo-Fisher, San Jose, CA, USA) in series with a 1100 Series Capillary LC system (Agilent Technologies, Palo Alto, CA, USA) with an ESI source that used spray tips made in-house. Samples were suspended in 25%H 2 O, 75% ACN, and 0.1% formic acid (Sigma-Aldrich) for direct injection into the LC system. Peptides were separated using a 200-μm × 150-mm HALO Penta-HILIC column packed with 2.7 μm diameter superficially porous particles that have a 90 Å pore diameter (Advanced Materials Technology, Wilmington, DE, USA) at room temperature. The gradient elution conditions employed a linear increase in aqueous solvent from 5%-70% over 90 min at a 2 μL/min flow rate, using the column at room temperature. The (strong) aqueous solvent contained 0.1% formic acid (Sigma Aldrich) with 50 mM ammonium formate (Thermo-Fisher) and the organic solvent was acetonitrile with 0.1% formic acid. The settings for the mass spectrometer included taking the five most intense ions from each full mass spectrum for fragmentation using collision-induced dissociation (CID), and the resulting MS/MS spectra were recorded.
To make sure that this model would be universal, some of the same digested proteins as well as the synthetic peptides were run on a 4000 Q Trap (AB Science, Chatham, NJ, USA). Peptides were separated by a 2.1 mm × 15 cm HALO Penta-HILIC column packed with 2.7-μ diameter superficially porous particles using a Nexera UFLC (Shimadzu, Columbia, MD, USA). The temperature of the column was 60°C. The gradient used for each sample was 22%-52% water over 80 min at a 0.4-mL/min flow rate. Spectra were obtained using an ESI source.
For RP analysis using the Finnegan LTQ and 1100 Series Capillary LC system, samples were suspended in 95% H 2 0, 5% ACN, and 0.1% FA (Sigma-Aldrich) and injected to the LC. Peptides were separated using a 200-μm × 150-mm HALO Peptide ES-C18 column packed with 5-μm diameter superficially porous particles (Advanced Materials Technology). The column was at room temperature. The gradient was 5%-75% ACN for 120 min at a 2 μL/min flow rate. The mobile phase contained 0.1% formic acid and 10 mM ammonium formate (Thermo-Fisher). The LC-MS/MS system and MS parameters were the same as the HILIC analysis.
Database Search Parameters
The resulting RAW files were converted using TransProteomic Pipeline (Seattle Proteome Center, Seattle, WA, USA), and then the MS/MS spectra of each sample were searched using Mascot (Matrix Scientific, Boston, MA, USA) against corresponding protein databases of theoretical MS/MS spectra. The following parameters were utilized in Mascot: a peptide tolerance of 1000 ppm, a fragment tolerance of 0.6 Da, two max missed cleavages of trypsin, and a fixed modification of carbamidomethyl (C).
Selection of Peptides for Prediction Model and Post-Run Data Analysis
All peptides that had a higher Mascot score than 10 were considered. Peptide retention times were determined manually from .RAW files using the apex of the peaks displayed in Xcalibur software (Thermo-Fisher), and resulting MS/MS data were visually inspected for fragmentation that was consistent with peptide assignments. Chromatographic peaks for each peptide had to have a peak asymmetry value of between 0.25 and 4, and peptides exhibiting peak widths greater than 5.5 min were excluded from analysis. Peptide retention times in minutes were converted to glucose units based on dextran samples that were run immediately before. Linear regression analysis using StatPlus (AnalystSoft, Walnut, CA, USA) was used to find the incremental retention coefficients for each amino acid.
Results and Discussion
Resolving Modified and Unmodified Peaks
To evaluate the ability of RP chromatography to resolve oxidized and native peptides, samples were first run on a C18 RP column. Figure 3b shows the separation for the BSA peptide TVMENFVAFVDK, where the bold amino acid residue is the expected site of modification. In this figure, the oxidized and unoxidized versions are separated, which allows for the easy quantitation of these two species. However, this is not always the case with oxidation using RP chromatography, as shown by the chromatography of the BSA peptide ETYGDMADCCEK (Figure 3a) , where the oxidized version and native version are not separated. These cases show that RP chromatography, using typical acidic mobile phase conditions, does not separate oxidized and unoxidized peptides with certainty, which can decrease detection relative sensitivity for modified versus unmodified peptides, leading to uncertainty about the significance of oxygen-driven degradation processes. The separation is also influenced by the composition of the neighboring residues to the methionine, which are different in the two peptides in terms of hydrophobicity.
Deamidation is a difficult modification to analyze because the 1 Da mass increase of the modification places the molecular ion for the deamidated peptide at the same nominal mass as the one 13 C isotope of the unmodified species. Utilizing chromatography to resolve these two species decreases the complexity of identifying and quantitating the modified species. However, for the IgG peptide GFYPSDIAVEWESNGQPENNYK, the deamidated and non-deamidated peptides co-elute from a RP column, and this is shown in Figure 4 . There were no cases using RP chromatography in any of the peptide samples in which the deamidated peptide and the native peptide had baseline separation. The majority of the peptides co-eluted and some had peak shoulders, but there was never enough separation to quantitate the peaks. The selectivity differences for the asparagine and iso-aspartic acid side chain functional groups are very small under typical low pH separation conditions, leading to minimal resolution capabilities. This separation problem is in addition to the similar masses that the modified and unmodified peptides possess, leading to significant errors in detection of the modified versus unmodified peptides. The mass difference between the unmodified 13 C peptide and modified peptide is 0.0152 Da, which for the deamidated IgG peptide GFYPSDIAVEWESNGQPENNYK would require a mass spectrometer with a resolution of 167,377 to be able to resolve from its unmodified 13 C version. In essence, using chromatographic techniques that are not able to separate deamidated peptides from their native forms requiresvery high-resolutionmass spectrometers able to detect the minute mass difference. Even then, it still is difficult to identify the presence of a modified peptide with high certainty, and extremely difficult to determine relative abundance of the peptide pairs.
From the HILIC peptide retention model that we previously created, there is a substantial difference between asparagine Figure 3 . The separation of oxidized peptides and their native forms using a C18 column. Oxidized peptides are not consistently separating from their unmodified counterparts in a predictable fashion and aspartic acid coefficients, which indicates that deamidated peptides should be separated from their non-deamidated forms. There is also a significant difference between alanine and serine that implies adding an oxygen to methionine should be enough to effectively separate peptides with oxidized methionine residues from their native counterparts [35] . To test this, the same samples were analyzed using HILIC separation conditions. Figure 5 shows baseline separation for the IgG oxidized peptide KDSGFQMNQLR (Figure 5a ) and the IgG deamidated peptide GFYPSDIAVEWESNGQPENNYK Figure 4 . The chromatography of the IgG deamidated peptide GFYPSDIAVEWESNGQPENNYK and its native forms using a C18 column. Both modified and native forms co-eluted around 105 min Figure 5 . The separation of oxidized and deamidated peptides from their native forms using a HILIC column. Deamidated and oxidized peptides are adequately separated enough from their unmodified counterparts to allow for quantitation (Figure 5b ). Both modified peptides and their native forms exhibited baseline separation on the HILIC column, allowing for confident quantitation of the peak areas or heights even with low-resolution mass spectrometers. These modifications increase the hydrophilicity of their respective peptides, which in turn increases the retention time. Using HILIC to analyze deamidation negates the requirement to employ a highresolution mass spectrometer, as necessitated by the overlap of the unmodified peptide 13 C isotope envelope, and the modified peptide mass. The separation of the modified peptides from the native structure is predictable, and occurs regardless of peptide sequence, as a variety of different types of residues were adjacent to the site of deamidation in the peptides that were used in the study. Separation selectivity factors (α) and resolution values for unmodified and modified peptide pairs that were separated and identified together are shown in Table 1 .
From the deamidation mechanism, it is clear that two potential, n-Asp and isoAsp, modified products can be present. To deduce the form of the deamidated products, synthetic peptides with the sequence GFYPSDIAVEWESNGQPENNYK were run on the 4000 Q Trap LC-MS system. These synthetic peptides had three versions: unmodified, n-Asp at the 14th residue, and isoAsp at the 14 th residue, and Figure 6 shows a run with all of the versions separated. The least retained peak is the unmodified form of the peptide, whereas the peak in the middle is the aspartyl version, and the peak most retained is the isoaspartyl version. Comparing these results to the same deamidated peptide in Figure 7 shows that the deamidated peak at 37 min is the isoaspartyl version of the peptide, and peak at 35 min corresponds to the aspartyl version of the peptide. There is another set of three peaks around this peptide that are not labeled, most likely indicating a second deamidation site at the first asparagine in the BNN^motif in the peptide sequence.
However, the separation of this peptide is consistent with the first two peptides shown in Figure 7 , which only differ in the residue in the 8th position (the earlier eluting peptide has a leucine where the later eluting peptide has a valine). These peptides share the same elution order as the synthetic peptide. For all the samples run on the LTQ, it was ambiguous as to which deamidation product was present before the synthetic peptides were run because only one deamidated peak would appear. It is known that isoAsp is two to three times more abundant than the n-Asp, so the deamidation that has been seen for the peptides of the current study actually corresponds to isoAsp, and the ratio of peak abundances of n-Asp to isoAsp in Figure 7 is analogous to this statement [4, 5, 8, 12, 34] . Due to the different physical properties of these two deamidation products, such as pK a (n-Asp: 3.9, isoAsp: 3.2), the retention times will be different in the mildly acidic conditions of separation used during the current study. A higher percentage of isoAsp will be charged at this pH, increasing the retention in comparison to n-Asp. There was no indication that the D and L configurations could be resolved.
Finally, the extent of the hydrophilic retention shifts for both modifications is consistent with the HILIC column, but was shown to be inconsistent with the RP system employed. This is due to the hydrophilic modifications having a greater selectivity difference with the HILIC stationary phase than the RP stationary phase, allowing for the prediction of the retention to be heightened for HILIC [36] . It is also due to secondary effects in RP, such as amino acid location or neighboring residue composition, as the two peptides, TVMENFVAFVDK and ETYGDMADCCEK, exhibited different retention behavior. The first peptide has a hydrophobic neighboring residue and exhibits baseline separation between modified and unmodified forms, whereas the second peptide has hydrophilic residues on either side and the oxidized version is not fully separated from the native peptide. RP resolution is driven by hydrophobicity differences in analytes, so the change in polarity of the first peptide due to oxidation could affect the surface interactions of the hydrophobic residue next to the methionine, leading to a better separation than obtained for the second peptide. Whatever underlies a mechanistic interpretation of the selectivity differences in separation, it is clear that RP is much more sensitive to sequence effects than HILIC, for which was observed a consistent retention shift regardless of neighboring residues.
Peptide Prediction Model Coefficients
We have previously created a model that predicts peptide retention based on amino acid composition [35] . In this model, coefficients for each amino acid were derived using linear regression analysis of 50 unmodified peptides, and the retention time of a peptide can be predicted by using Equation 1 shown below, where R T is the predicted retention time, L i is the amount of residue i in the peptide, AA i is the amino acid coefficient of residue i, and b 0 is the intercept of the model:
We have recently expanded this model using data from 297 unmodified peptides, and it has a very high correlation coefficient (0.94553), indicating accurate prediction.
The amino acid coefficients are expressed in glucose units (GU) from procainamide-labeled dextran samples that were run before each sample. This approach allows the model to be used on any LC-MS system as long as a dextran standard ladder is run before the protein sample of interest, and the retention times of peptides are then converted from minutes to GU based on the logarithmic fit for the dextran samples. Dextran elutes in order of increasing monosaccharide linkage and provides a useful reference for the retention times of peptides. Excluding the actual stationary phase and mobile phase composition, this approach also allows for modifications to a LC-MS system to occur, such as the changing of the length of a capillary line or detector configuration, which would not affect the conversion of a peptide's retention time to GU. To ensure that dextran would be a suitable retention time calibrant, peptide standards were run on two different LC-MS systems over the course of a month, and data analysis indicated that the retention times of the standards had minimal changes. These two systems had differing column lengths, column temperatures, gradients, and flow rates, yet the retention times of peptides that were run on both systems were within 3.73% of each other and only differed by an average of 0.52 GU (2.29 min).
Two new coefficients were created for the isoAsp form of the deamidated asparagine residues and oxidized methionine residues to be able to predict the retention of peptides with these modifications. Twelve deamidated peptides and 27 Metoxidized peptides were discovered and incorporated into the model. These modified peptides were from some of the Figure 6 . The separation of the unmodified, n-Asp, and isoAsp versions of the synthetic peptide GFYPSDIAVEWESNGQPENNYK, with the site of modification at the residue in red. The unmodified form eluted first, followed by the n-Asp form, and finally the isoAsp form samples used to create the unmodified peptide retention model (IgGs, mosquito cuticular proteins, yeast proteins, BSA, cytochrome c, transferrin, and lysozyme), and regression analysis was used to derive these coefficients. The deamidation coefficient corresponding to the isoaspartyl form that was derived had a value of 1.409 (R-squared = 0.94186), indicating that the modification is very hydrophilic and will increase the retention time of peptides with this modification. This coefficient was on the higher end of all coefficients in the unmodified peptide retention model, only less than the three most hydrophilic residues: lysine, arginine, and histidine. The large deamidation coefficient (1.409) that was derived supports the claim that the deamidated peaks are indeed isoAsp. This coefficient is much larger than the difference between the asparagine coefficient and the aspartic acid coefficient, which would correspond to the formation of the n-Asp product.
The oxidized Met coefficient was also found to be hydrophilic, with a value of 0.633. This is a large difference from the unoxidized methionine coefficient (-0.337), and it was shown that this difference is sufficient for ready separation of the unmodified peptides from the modified ones. As with the value of the deamidation coefficient, the oxidized methionine coefficient is greater than expected, based on the modest difference in coefficients between alanine and serine. This comparison was made because both cases differ by the addition of an oxygen atom, so the expected difference between the alanine/serine and oxidized/unoxidized deviations should be minimal. The oxidized samples slightly increased the R-squared of the model to 0.94637, whereas the deamidated samples did the opposite, slightly decreasing the R-squared to 0.94186. However, the incorporation of both of the coefficients into the previous model barely affected the overall R-squared value, and this is because the total amount of modified peptides (39) was significantly less than the amount of unmodified peptides used to create the original model (297). The coefficients that were derived for the hydrophilic modifications do not affect the values for the unmodified amino acid coefficients because we are more concerned with the separation of the modified and unmodified peptides rather than their actual retention times. In time there will be more instances of these modifications and we can gather a better understanding of the impact the coefficients have to the overall fit of the model. For now, we have found that both of these modifications are hydrophilic, with deamidation being one of the most hydrophilic coefficients in the model, and the coefficients explain why we are able to see sufficient separation between the modified and unmodified peptides using the HILIC mode of separation.
Conclusion
Deamidated asparagine residues and oxidized methionine residues were shown to be resolvable from their native forms using HILIC chromatography, which allows for individual Figure 7 . Analysis of peptides for detecting deamidation by LCMS with the QTrap 4000. For the three peptides that have deamidation sites, there are peaks corresponding to the unmodified form, the n-Asp form, and the isoAsp form of the asparagine residue in red. The unmodified form of each peptide elutes first, followed by the n-Asp form, and finally the isoAsp form. The first two deamidated peptides differ at the 8th position, where the first peptide has a leucine and the second peptide has a valine peak quantitation. This is particularly useful for deamidation, where the mass differences between a peptide containing an unmodified 13 C isotope and a deamidated asparagine residue are too small to resolve from one another without using a highresolution mass spectrometer. In the current examples, analyses were conducted using an LTQ instrument, with only limited mass resolution capabilities. By being able to fully separate peptides with and without these modifications, the identification process can be heightened and peptides with modifications can be more easily quantitated, which is vital in protein biotherapeutics where the quantitation of analytes with modifications needs to be known. Additionally, coefficients describing each modification's hydrophilicity were derived and incorporated into a peptide retention prediction model that was previously presented. Both coefficients were shown to be very hydrophilic and did not affect the already high R-squared value of the original model by a significant amount.
